Abstract: Shrubs have generally been overlooked in dendrochronology, and little information exists on allometric relationships in dwarf shrubs. Dryas integrifolia M. Vahl. has been recognized as an important species in revegetation of disturbed gravel pits in northern areas. In this study, the dimensions (mat, stem, and root) of D. integrifolia shrubs were measured in four populations having recolonized disturbed areas, and anatomical slides containing growth rings were prepared for each individual. The first objective was to compare allometric relationships among descriptors of shrub dimension and between these descriptors and shrub age. Secondary objectives included documenting maximum age and evaluation of the potential for cross-dating among shrubs. Strong, consistent allometric relationships between aboveground dimensions were observed among individuals from all sites, although growth rates varied within and between sites. This indicated that even though aboveground shrub dimensions grow proportionally to one another, these measurements cannot be used to infer age, because of differences in growth rates among D. integrifolia shrubs. However, numerous cross-sections from D. integrifolia shrubs could be successfully cross-dated, and a short chronology was developed. The radial growth -climate association was found to be similar to that of dominant tree species of the region regarding the impact of October conditions. Increased snowfall in October prior to and warm May temperature during the year of ring formation appear to restrict growth of these shrubs by altering the onset of the growing season. This study has demonstrated that it is possible to accurately date D. integrifolia shrubs, and this ability may be applied to future studies involving population dynamics and remediation of open gravel sites. Growth rings also have the potential to be used in other Arctic shrubs.
Introduction
Dendrochronology has been successfully applied to those plants capable of secondary growth and production of annual growth layers. Although these include trees, shrubs, and dwarf shrubs (Schweingruber 1996) , dendrochronology has been mainly confined to trees. However, tree-ring chronologies cannot be developed north of the boreal tree line because of the absence of erect trees (Johnstone and Henry 1997) . Instead, dwarf shrubs producing a small amount of growth every year are often found in these extreme environments (Wilson 1964; Kolishchuk 1990; Woodcock and Bradley 1994) . Given that there are more than 1200 species of prostrate woody plants in the world (Kolishchuk 1990) , the majority of shrubs and dwarf shrubs have generally been overlooked in dendrochronology (Beschel and Webb 1963; Schweingruber 1996; Schweingruber and Dietz 2001a) . Schweingruber and Dietz (2001a) indicated that wood anatomy in dwarf shrubs does not greatly deviate from that of trees. In many cases, the anatomical pattern of growth rings was consistent among species within each of the Caryophyllaceae, Lamiaceae, and Rosaceae. Moreover, dendrochronological techniques have successfully been applied to perennial herbs (Dietz and Schweingruber 2002) as well as to shrubs and dwarf shrubs (Gordon 1991; Milton et al. 1997; Schweingruber and Dietz 2001a; Lageard et al. 2005) . Schweingruber and Poschlod (2005) conducted an extensive review of the maximum ages, age structure, and anatomy of 800 species of herbs and dwarf shrubs from Central Europe. A major finding was that there was no difference in anatomical response (wedging rings, reaction wood, compartmentalization, growth reductions, and structural changes) between dwarf shrubs and trees to mechanical stress initiated by crown asymmetry, wounding, cell collapse, and damage of root systems. Chronologies of an arctic dwarf shrub based on morphological characteristics from stems have been used to reconstruct mean summer air temperature (Rayback and Henry 2006) . Other studies have also described dwarf shrubs as having good potential for dendroclimatological work (Kolishchuk 1990; Woodcock and Bradley 1994; Schweingruber and Dietz 2001a; Bär 2005) .
Entire-Leaved Mountain Avens (Dryas integrifolia M. Vahl.) in the Rosaceae is a low-growing, mat-forming dwarf shrub widely distributed from the north of Ellesmere Island down throughout the Canadian Arctic Archipelago to southern Nunavut and the Labrador-Ungava Peninsula as well as on the coasts of Greenland, James Bay, Hudson Bay, Yukon, and Alaska (Scoggan 1978; Porsild and Cody 1980; Johnson 1987a) . Dryas integrifolia is a calciphilous pioneer shrub commonly occurring on barren, rocky, or gravelly substrates (Scott 1995) . Hart and Svoboda (1994) reported median mat sizes to range from 208 to 717 cm 2 at Alexandra Fiord, Ellesmere Island, NWT, and from 105 to 2592 cm 2 at Churchill, Manitoba (Hart 1988) . Philipp et al. (1990) found that D. integrifolia seedling recruitment was episodic, and that population turnover was very slow with periods during which no recruitment occurred. However, lateral rooting of branches in D. integrifolia can assist in its spread (Porsild 1964) , which may lead to vegetative reproduction through clonal fragmentation (Hart 1988) , especially in mechanically damaged shrubs whose centres have died off (Svoboda 1974) .
Dryas integrifolia has been described as the dominant early colonizer of lime-rich gravel pits in the Churchill region (Scott 1995) as well as one of the most important stabilizers of marine beaches and gravel regions within the arctic (Johnson 1987a) . Northern gravel sites usually have limited moisture and nutrient holding capacities and therefore are difficult to revegetate (Johnson 1987b) . It has been suggested that D. integrifolia was a suitable species to revegetate recently exposed gravel pits, because of its ability to grow under adverse conditions and to facilitate growth of less stress-tolerant species (Hart and Svoboda 1994; Firlotte 1998) . A better understanding of early-colonizing shrubs and their allometric relationships in the subarctic is of particular relevance for the field of restoration ecology. For example, it would be of interest to discover whether allometric relationships of D. integrifolia shrubs remain constant across the region. Knowledge of growth rates also provides information to aid in site remediation. More specifically, better estimates of the time needed by D. integrifolia shrubs to revegetate a gravel site could be obtained with the development of a valid age-size model. In addition, the analysis of a plant population's age structure and growth variability could be of value for management of the species through reconstruction of historical disturbances (Schweingruber and Poschlod 2005) . Given that crown diameters of some arctic shrubs have been successfully used to date when substrates became available for colonization (Beschel and Webb 1963; Benedict 1989 ), it may also be possible to determine if a relationship exists between time since disturbance (gravel extraction) and shrub size in northern gravel sites.
To provide answers to some of these questions, the first objective of this study was to compare allometric relationships along with growth rates in four populations of D. integrifolia shrubs growing in previously disturbed areas in the Churchill region, subarctic Manitoba. Secondary objectives included the evaluation of the potential for cross-dating among individual shrubs and documentation of maximum shrub age. An understanding of which climatic factors influence shrub annual growth increment would contribute to knowledge on how the radial growth of shrubs and trees compare at the tree line.
Materials and methods

Study area
The Churchill region is located in the northeastern corner of Manitoba on the western shore of Hudson Bay (Fig. 1) . The study area is located southeast of the town of Churchill (58844'N and 94804'W) within the Hudson Bay Lowland Ecoregion and York Factory Ecodistrict (Smith et al. 1998 ). The High Sub-arctic Ecoclimatic region in Churchill (Scott 1995) is largely influenced by cold air masses from Hudson Bay (Rouse 1991) . The Churchill meteorological station (Fig. 1, 58844 'N and 94803'W) situated at 28.7 m a.s.l. showed a mean annual daily average temperature of -6.9 8C for the period 1971 -2000 (Environment Canada 2004 . In Churchill, 61.3% of the total annual precipitation (431.6 mm) falls as rain.
The coastal calcareous substrates east of Churchill have less than 2000 years of profile development because of the isostatic rebound of Hudson Bay (Scott 1995) and they currently rise at approximately 0.5 m per century, leaving an extensive pattern of beach ridges (Dredge and Nixon 1992) . At these beach ridges, limited water-holding capacities and a low store of nutrients (Smith et al. 1998) severely restrict the vegetation able to inhabit these areas. Sandy, imperfectly to well-drained Regosols are found on beach ridges, while poorly drained Rego Gleysols are associated with clayey brackish tidal flats (Smith et al. 1998 ). Precambrian, Ordovi-cian, and Silurian bedrock underlie the region (Dredge and Nixon 1992) , which is presently dominated by black spruce (Picea mariana (Mill.) BSP.), white spruce (Picea glauca (Moench) Voss), and tamarack (Larix laricina (Du Roi) K. Koch).
Sampling sites
In August 2004, four anthropogenically disturbed sites dominated by D. integrifolia shrubs (A-D) were selected along roads or gravel openings (Fig. 1) . These four sites were selected for accessibility and on the criteria that individual D. integrifolia mats were distinguishable from one another. In addition, an effort was made to select sites characterized by well-drained, Regosolic soils typical of northern gravel sites in need of revegetation. The substrate was relatively consistent across these sites and consisted of small-to medium-sized gravel with little organic material. Site A was located near the edge of a recent road with scattered P. glauca and Salix spp. found in adjacent locations. Site B was located between an all-terrain vehicle road and a forest of L. laricina and P. glauca. Site C was centred on a past gravel extraction pit with some legumes mixed with D. integrifolia shrubs. Site D was located north of Twin Lakes on a shallow gravel pit. Mat sizes varied from small to continuous in places. Picea glauca and L. laricina bordered the edge of the pit.
Aerial photographs from the Canadian Department of Energies, Mines and Resources were consulted to determine the approximate date at which these four sites were disturbed. All available photos capturing sites A-D were examined for evidence of road construction. Aerial photos showed no road development at sites C and D in August 1947; at site B in June 1948; and at site A in August 1991. Conversely, the earliest photos displaying road development for sites B, C, and D were taken during the summer of 1956, and the road at site A was developed in 1994 (C. Paddack, personal communication, 2004) . In addition to the four disturbed sites, a total of 26 D. integrifolia shrubs were collected from a series of undisturbed sites to assess the maximum age of the species. Individual D. integrifolia mats at these sites came into contact forming a continuous cover of vegetation.
Data collection
At each disturbed site (A-D), D. integrifolia shrubs were chosen according to nearest neighbor protocol. Samples were consecutively selected along two parallel transects at each site based on mat diameter classes of 10 cm increments. The mat axis with the longest diameter (MD1) was used to select and assign each shrub to a particular diameter class. An attempt was made to collect at least two replicates for each diameter class. In some instances, this was not possible because of an under-representation of larger individuals at the sites. Consequently, few large samples within diameter classes approaching 100 cm or greater were collected. A total of 25, 19, 24, and 30 D. integrifolia shrubs were sampled at sites A, B, C, and D, respectively.
The following measurements were directly taken in the field for each D. integrifolia: the longest mat diameter (MD1) and a second diameter (MD2) taken perpendicular to MD1. Mat symmetry was determined by dividing MD2 over MD1. Mat dieback was estimated as the percentage of mat area not currently occupied by the living shrub. This included the leafless area of the mat occupied by leaf litter, rock, and bare ground in addition to dead or discolored portions of mat. The number of flowers and presence of lateral rooting branches (LRB) was also determined for each individual.
Before taproot extraction, a measuring tape was placed adjacent to each D. integrifolia, and a digital photo was taken to later derive other measurements (see laboratory section). After shrub extraction, taproot length (TRL) was measured for each shrub. Because of the difficultly of extraction in the gravelly substrate, entire taproots were collected only for D. integrifolia shrubs with a MD1 of up to 25 cm with the exception of those at site A. The TRL measurements pertaining to D. integrifolia shrubs from site A with a MD1 exceeding 25 cm were later removed to avoid bias in site comparisons. The excavated taproots were retained for laboratory analysis. Lateral roots and belowground biomass were neither collected nor estimated.
Laboratory analyses
Image analysis
In the laboratory, each digital photograph of D. integrifolia was analyzed to derive additional measurements. First, the percentage mat dieback for each D. integrifolia was re-estimated to compare with that estimated in the field, and a mean dieback value was calculated using both estimations. Second, the software WinFolia Pro 1 2005b (Régent Instruments Inc., 2005) was used to calculate parameters related to mat dimension: mat area (MA), mat perimeter (MP), longest mat diameter (D1), and mat diameter perpendicular to D1 (D2). Each picture was individually calibrated using both vertical and horizontal graduations, in centimetres, from the measurement tape.
Sectioning of Dryas integrifolia stems
To determine the age of each sample and to assess if a chronology could be developed, each shrub specimen was prepared for each microscopic examination . Before sectioning, the diameter (or radius if the root was split) of each sample was measured to the nearest 0.10 mm. The longest stem diameter (SD1) and the diameter perpendicular to it (SD2) were measured near the stem-root interface using a digital caliper. The mean of these two measurements produced a mean stem diameter (MSD) value.
To ease the process of making anatomical slides, D. integrifolia samples were kept refrigerated until sectioning, so that the wood remained soft. The stems were transversely sectioned as close to their stem-root interfaces as possible. Previous studies on shrubs and dwarf shrubs extracted stem sections just above the root collar (Woodcock and Bradley 1994) or at soil level (Milton et al. 1997; Zalatan and Gajewski 2006) with acceptable results. Branches of shrubs from undisturbed sites and occasionally from disturbed sites (A-D) were preferably sectioned when stem and (or) root portions were highly degraded. In each case, the basal portion of largest branches was selected for sectioning. Stems of woody plants growing in extreme environments often split longitudinally (Milton et al. 1997) or have rotten centres (Kuivinen and Lawson 1982) . A sliding microtome with Feather S35 blades was used for microsectioning stems. The blade was angled between 28 and 158 depending on the particular piece of wood. The sections taken from each specimen were mounted onto a slide, each of which displayed 8-10 sections varying between 6 and 16 mm in thickness to offer a range for analysis. All sections were stained with 1% Safranin O solution and then cleared, while still on the slides, with 50% ethanol (two baths), 95% ethanol (three or four baths), reagent alcohol, and D-limonene, respectively. An additional fourth bath was necessary to clear those sections more prone to clouding. On average, each bath would last from 2 to 5 min for each chemical. After clearing, a few drops of Permount 1 (Fisher Scientific, Fairlawn, N.J.) were applied on the labeled slides to secure the cover slips. These were later placed on metal trays and weighted down with flat magnets to discourage bubbling underneath the cover slip. The metal trays were placed in a drying oven at 40 8C for at least 2 d. All slides were then stored on trays for at least 1 month until the mounting medium was properly set.
Age determination and growth-ring measurement
The annual growth rings contained in transverse sections of each D. integrifolia ( Fig. 2) were counted by two people using a Nikon E200 Eclipse microscope to determine the age for each shrub. Each person counted the ages of three sections per slide (shrub) containing the most clearly defined rings and highest quality stem sections. If a discrepancy in age was found, the slide was reexamined by both people until a consensus was reached.
A Velmex slide stage micrometer interfaced with a DOSbased computer was used to record the ring widths of 24 D. integrifolia shrubs (above a minimum age of 15 years) with a precision of 0.001 mm. A single radius was measured for each shrub. The sections were cross-dated by an experienced technician (France Conciatori) using the skeleton plot method to determine pointer years. Cross-dating ensured that patterns of ring widths were matched among several series to identify the correct calendar date of formation for every ring in all the samples (Schweingruber 1996) . Cross-dating and ring-width measurements were validated using COFECHA (Holmes 1983) .
Statistical analyses
Population comparisons and allometric relationships
Several measurements were taken in the field and labora-tory to determine mat diameter, stem diameter, and percent dieback in each D. integrifolia. Field and laboratory measurements describing a given variable were compared using Pearson correlation analysis. Laboratory measurements from photos were found to be highly correlated to field measurements, with the weakest correlation coefficient being 0.973 (data not shown). The field variable MD1 was thus used in all subsequent analyses. As a way to reduce the number of measurements recorded in the field or laboratory for a given variable, the one most highly correlated for each was systematically retained for subsequent analysis. The characteristics of the D. integrifolia populations at the four disturbed sites were compared using the nonparametric Kruskal-Wallis analysis of variance. The data did not conform to a normal distribution and had greater weighting toward individuals with smaller dimensions. Therefore, the Kruskal-Wallis single factor analysis of variance by ranks was used to test for the presence of a statistical difference among the four populations. The Mann-Whitney U test was subsequently employed for those variables shown to be statistically significant by the Kruskal-Wallis test, to determine which specific pairwise comparisons were statistically significant (Sheskin 1997) .
Growth rates and their relationships with dimensions
Annual growth rate of D. integrifolia individuals was calculated by dividing mat dimension descriptors (MD1, MA, MP, MSD, TRL) by age. Status variables (mean dieback, flower abundance, and mat symmetry) were divided by age to produce mean values corresponding to the annual progression of the associated status. The variable MD1 was also divided by MSD, TRL, MA, and MP to produce allometric ratios. Finally, the ratios flower abundance over MA as well as over live area (LA) were calculated. The latter ratio represented the number of flowers in proportion to LA only, excluding dieback. The variable LA was calculated from the equation: LA = MA -((mean dieback/100) Â MA). Following the same approach as the comparisons between D. integrifolia dimensions among the four populations, the Kruskal-Wallis analysis of variance was also applied to the series of derived growth ratios, and the Mann-Whitney U test was employed to discern differences in the pairwise comparisons.
Allometric relationships were compared among sites. The relationships between age and dimensions and status were investigated as well. Linear and nonlinear regression analyses were used to model the relationships between selected variables. However, an obvious outlier sampled near the edge of site A was excluded from regression analysis. Statistical analyses were conducted with Systat (version 11) for Windows (SYSTAT 2004a) and SigmaPlot (version 9.01) for Windows (SYSTAT 2004b) .
Chronology development and its association with climate
A D. integrifolia chronology was developed from the 24 cross-dated growth-ring measurement series after standardization using the program ARSTAN. Standardization transforms measurement series into tree-ring indices to provide comparable means and variances for all indices. A cubicspline function of 100% of the series length and a frequency response of 50% was applied to each measurement series to remove unwanted signals related to individual D. integrifolia growth and to maximize the common variation given the short length of the measurement series. As a standard prac- tice in dendrochronology, a residual chronology was then developed by removing temporal autocorrelation from each standardized measurement series using autoregressive modeling, and a biweight robust mean was used to enhance the common signal of the residual chronology (Cook and Holmes 1986; Girardin et al. 2005) .
To assess the association between the D. integrifolia residual chronology and climate, Pearson correlations were calculated between the residual chronology and monthly climate data obtained from the Churchill meteorological station for the period from 1933 to 1999 (Girardin et al. 2005 ). In our study, correlations between D. integrifolia shrubs and climate were calculated for the period 1978-2004, corresponding to the establishment of a minimum sampling depth of 12 series. The weather variables included total monthly snowfall, total monthly precipitation, mean monthly minimum temperature, and mean monthly maximum temperature for a 17-month period from May of the year prior to (t -1) ring formation to September of the year (t) during ring formation. Two significance levels were used P < 0.01 and P < 0.05. Some missing meteorological data occurred between 2000 and 2004, and these were not estimated.
Results
General characteristics of Dryas integrifolia
Five variables (MSD, TRL, mean dieback, presence of LRB, and age) were significantly different among the four populations (Table 1) . Dryas integrifolia shrubs from site A consistently had the lowest mean values for these variables. In site A, shrubs were significantly younger, with shorter taproots and less dieback than the other populations. Site A contained individuals with a mean age of less than one-quarter that of other sites, even though mat dimensions did not differ significantly from those of the other disturbed sites (Table 1) . Although the characteristics of shrubs from undisturbed sites were not included in the Kruskal-Wallis tests of significance, their mean values were often extreme as in the cases of MSD and age. The oldest shrub was found among undisturbed sites and was recorded to be 68 years of age (data not shown).
The comparison of growth rates and allometric ratios among the four populations indicated that at least one population differed from the others for these variables: MD1/age, MP/age, MSD/age, TRL/age, mean dieback/age, MS/age, MD1/TRL, and MD1/MP (Table 2) . Ratios from site A were higher than other sites for the majority of significantly different cases. Dryas integrifolia shrubs from site A were also found to hold the highest mean values among sites except for mean dieback/age and MD1/MP. This indicated that shrubs from this population had much faster growth rates (i.e., mat size growth rates) relative to the others.
Allometric relationships
The relationships between variables describing mat dimension in D. integrifolia shrubs indicated that a consistent relationship was maintained among populations (Figs. 3A,  3B) . The relationship between MD1 and MP was best approximated by a linear regression (y = 13.406 + 5.474x; adj. r 2 , 0.933; P < 0.001; n = 97), whereas the association between MD1 and MA was best illustrated by a quadratic polynomial equation (y = 141.829 + -15.965x + 0.782x 2 ; adj. r 2 , 0.979; P < 0.001; n = 97). In contrast, the relationship between TRL and either MD1 or MSD was found to be more variable among sites (Figs. 3C and 3D ). These relationships of D. integrifolia shrubs were best approximated by a linear relationship at site A (TRL and MD1: y = 4.262 + 1.491x; adj. r 2 , 0.882; P < 0.001; n = 23; and TRL and MSD: y = 0.622 + 8.386x; adj. r 2 , 0.890; P < 0.001; n = 23) indicating that a larger mat size is supported by shorter TRL compared with other sites (Figs. 3C, 3D) . The relationship between MD1 and MSD was found to be consistent across all four populations, although residuals become increasingly important among shrubs with MD1s greater than 50 cm (Fig. 3E) . This relationship was best approximated by a two-parameter exponential model (y = 14.685(1 -e -0.019x ): adj. r 2 , 0.848; P < 0.001; n = 99).
Age-related relationships
The relationships between D. integrifolia age and various descriptors of mat dimension and status indicate that individuals from site A have higher growth rates than in all other sites (Figs. 4A-4C ). It should be noted that at site A, there was one outlier 20 years of age that exceeded the ages of all the other D. integrifolia shrubs at this site and was thus excluded from the analyses. In contrast with the other sites, shrubs from site A showed a linear increase in age and MD1 (y = -12.639 + 6.649x: adj. r 2 , 0.821; P < 0.001; n = 22), MSD (y = -2.084 + 1.260x: adj. r 2 , 0.829; P < 0.001; n = 22), and TRL (y = -18.613 + 10.852x: adj. r 2 , 0.826; P < 0.001, n = 22), whereas this relationship becomes more variable within and between sites B, C, and D. A large range of shrub dimensions was observed at any given age at these three sites as illustrated by the departures from the linear regression models between age and MD1 (y = -20.734 + 1.899x: adj. r 2 , 0.398; P < 0.001; n = 73), MSD (y = -1.864 + 0.278x: adj. r 2 , 0.547; P < 0.001; n = 73), and TRL (y = -11.189 + 3.082x: adj. r 2 , 0.409; P < 0.01; n = 20). It should be noted that after log transforming MD1, the linear regression with age increased to an adj. r 2 of 0.619 (P < 0.001; n = 73; not shown). MSD and age increased consistently across all sites, although those at undisturbed sites showed more similarity to those at sites B, C, and D than to those at site A (Fig. 4B) . In addition, the relationship between mean dieback and age (Fig. 4D) was best described by a two-parameter exponential equation (y = 80.794(1 -e -0.028x ): adj. r 2 , 0.690; P < 0.001; n = 96). Mean dieback values for D. integrifolia shrubs at undisturbed sites were relatively lower for any given age than for those at disturbed sites. Finally, the young shrubs from site A showed a vigourous stem diameter growth rate (MSD/age) compared with those at the other three disturbed sites (Fig. 4E) . A nonlinear decrease in MSD/age with increasing age, however, described the individuals from the undisturbed sites, which contained the oldest D. integrifolia shrubs (y = 0.095 + 6.895/x: adj. r 2 , 0.580; P < 0.001; n = 25) indicating reduced stem diameter growth with age.
Dryas integrifolia chronology and its association with climate
The residual chronology developed covered the period from 1962 to 2004 and was well replicated during the last 26 years (Fig. 5A ). Favorable years of radial growth were observed in 1983, 1995, and 1999 and poor growth was observed in 1980, 1992, and 1998. Dryas integrifolia shrubs had a mean ring width of 0.133 mm and mean standard deviation of 0.061 mm. Over the common period 1982-2004, the residual series had a mean sensitivity value of 0.332, the mean correlation among all series was 0.228, and the expressed population signal value reached was 0.876 (24 stems included). The Pearson correlation analysis from 1978 to 2004 indicated that the residual chronology of D. integrifolia was significantly and positively correlated with October t-1 minimum temperature (r, 0.471; P < 0.05; n = 27) and negatively with October t-1 snowfall (r, -0.524; P < 0.01; n = 26) (Figs. 5B and 5C ). During the year of ring formation, May t minimum temperature (r, -0.434; P < 0.05; n = 26) was significantly and negatively correlated with radial growth. Although nonsignificant, radial growth also showed negative trends (P < 0.1) with June t snowfall and September t snowfall and a positive trend with August t total precipitation (Fig. 5B) .
Discussion
Allometric relationships
The first objective of this study was to compare allometric relationships among shrub dimensions and to compare shrub dimensions with age in four populations of D. integrifolia shrubs. All allometric relationships were consistent across sites except with taproot length. The relationship between MD1 and MSD in all sites followed a two-parameter exponential model. At first, increases in mat diameter are followed by proportional increases in stem diameter, suggesting that the taproot is the main supplier of water and nutrients to the small expanding mat. The increase in stem diameter, however, slowly decreases with increasing mat size. This result suggests that the role of rooting branches may increase in importance at greater mat diameters. Specifically, larger individuals may increasingly utilize adventitious roots for resource acquisition, thereby reducing the demand for greater taproot girth. In larger shrubs, the taproot may also no longer be able to entirely support the water and nutrient requirements of larger mat sizes and may, therefore, inhibit further growth. In support of this, Svoboda (1974) observed that there was a potential for vegetative reproduction in older D. integrifolia shrubs whose mats had begun to degrade at their centres.
Another contributing factor to the weakening of the relationship between mat and stem diameter at mat diameters greater than 50 cm could relate to dieback within mats, since mean dieback initially increases with age. At disturbed sites, dieback area along with live mat area would both contribute to the length of shrub MD1 measurements. Given this, there would be no requirement for any increase of stem girth for individuals containing significant dieback, because their stems would not be providing water and nutrients for the entire mat area but rather, only for the functional mat area. In support of this idea, a higher correlation (r = 0.730; P < 0.001; n = 97) was found between stem diameter and 
Note:
The characteristics of undisturbed sites were not included in the Kruskal-Wallis tests of significance. Sampling of undisturbed sites was mainly meant to identify the maximum age of shrubs. Summing the highest number of cases at each site and pooled undisturbed sites will result in 124 individuals. MD1, longest mat diameter; MA, mat area; MP, mat perimeter; MSD, mean stem diameter; TRL, taproot length; LRB, lateral rooting branches; and MS (mat symmetry), MD2/ MD1; KW, Kruskal-Wallis; SD, standard deviation; P, probability value. Pairwise comparisons between populations calculated from the Mann-Whitney U test having different letters are statistically significant (P 0.05).
*All the undisturbed sites were pooled together forming the column ''Undisturbed''.
{
Marks variables that were significant (P 0.05).
For this variable, only samples within the range of a MD1 of up to 25 cm were kept (six cases were deleted from site A to even out sampling sizes between groups).
live mat area than between stem diameter and entire mat area (r = 0.675; P < 0.001; n = 97).
Shrub dimensions and age
In Churchill, the maximum age (68 years) was observed for a shrub sampled at an undisturbed site. This is comparable to that of 80 years of age recorded for Dryas octopetala L. in alpine conditions (Schweingruber and Dietz 2001b) , although Schweingruber and Poschlod (2005) have made reference to a 108-year-old individual found at extreme conditions (Schröter 1926) . Alternatively, Svoboda (1974) had estimated many D. integrifolia shrubs at Devon Island to be 80-120 years old based upon mean shoot increment per year and mean shoot lengths. At disturbed sites in Churchill, the maximum shrub age observed was 47 years. Considering the establishment years of the oldest D. integrifolia shrubs at these sites: site D, 1957; site C, 1959; site B, 1962; and site A, 1994 (we disregarded the 20-year-old outlier, which we believe was collected at the roadside adjacent to the nearby scattered network of trees), all dates agreed with those derived from available aerial photos (see section on Sampling sites in Materials and methods). The short temporal lag between road construction estimated from aerial photos and D. integrifolia establishment may simply reflect the possibility that the oldest individuals at each site were not sampled, or that shrub establishment had been delayed. In all cases, the close agreement between these dates provides further confidence in the annual character of the growth ring in D. integrifolia shrubs.
At site A, shrubs required much less time to develop similar dimensions to those at other sites, and the relationship between shrub dimension and age was best approximated by a linear regression. This relationship was much weaker and irregular when considering individuals from sites B, C, and D, and undisturbed ones. Other studies have also reported that shrubs and small trees of similar size varied widely with growth rate (Ward 1982; Zammit and Zedler 1992; Grice et al. 1994; Martin and Moss 1997) . Less compaction of the substrate at the more recently disturbed site A may be one explanation. Firlotte (1998) indicated that the compaction of gravel pads in the Churchill region has created conditions unsuitable for root penetration into the substrate, and Babb (1977) observed that D. integrifolia shrubs exposed to damage by vehicle movement would unlikely recover for a considerable period. Similarly, Woodcock and Bradley (1994) attributed differences in microsite sensitivity as one of the factors causing the low correlation between shrub age and stem growth rate in arctic willow (Salix arctica Pall.). It should also be noted that the lower growth rates of shrubs at disturbed sites other than site A may be, in part, due to older shrubs producing smaller annual radial increments, although little overlap in age exists between site A and the other disturbed sites. Interestingly, the radial growth of shrubs at undisturbed sites decreased with age, suggesting that competition could become an important factor for shrubs in areas where a continuous cover of vegetation is formed.
Another explanation for this inconsistency may be topographic aspect. Shrubs on the crests and slopes of Devon Island, NWT, developed more rapidly following snowmelt (Svoboda 1974) . Beck et al. (2005) also found that the occurrence of D. octopetala was positively related to a higher mean June temperature and exposure to a south-facing aspect. However, some other factors potentially affecting growth rate can be disregarded. McGraw (1985) concluded from experimentation with differential manipulations on ecotypes of D. octopetala in Alaska, that variability in either nutrient or moisture availability had no direct significant effect on the growth of D. octopetala. Dryas integrifolia was also reported to have a relatively high tolerance to soil moisture regimes (Svoboda 1974) . Shrub dimension, therefore, cannot be used as a surrogate for age data as a result of Note: Summing the highest number of cases at each site will result in 96 individuals. MD1, longest mat diameter; MA, mat area; MP, mat perimeter; MSD, mean stem diameter; TRL, taproot length; MS, mat symmetry; and LA, live area; KW, Kruskal-Wallis; SD, standard deviation; P, probability value. Pairwise comparisons calculated from the Mann-Whitney U test having different letters are statistically significant (P 0.05).
*Marks variables that were significant (P 0.05).
{
Only samples within the range of a MD1 of up to 25 cm were kept (six cases were deleted from site A to even out sampling sizes between groups).
highly variable growth rates among D. integrifolia shrubs. Alternatively, the accumulation of detrimental effects (mean dieback) was generally shown to follow a two-parameter exponential model with age at disturbed sites. However, low dieback values of some shrubs at undisturbed sites may reflect a lack of damage from disturbance.
Dryas integrifolia chronology and its association with climate
The secondary objective of the study was to evaluate whether D. integrifolia shrubs could be cross-dated and therefore have a potential use in dendrochronology. Discontinuous and missing rings were common, and this was also observed in Salix spp. (Beschel and Webb 1963; Woodcock and Bradley 1994; Zalatan and Gajewski 2006) , in Ceanothus crassifolius Torr. (Gordon 1991) , in Pteronia pallens L. f. (Milton et al. 1997 
), and in Empetrum hermaphroditum
Hagerup and other dwarf alpine shrubs (Schweingruber and Dietz 2001a; Bär 2005) . Moreover, boundaries between rings were occasionally difficult to recognize, and recent annual increments were often present only at certain locations along the stem transverse section in older individuals. Thus, many stem sections had to be rejected, and only a select number were successfully cross-dated.
Despite these difficulties, the D. integrifolia residual chronology was found to correlate significantly with both October t-1 minimum temperature and snowfall (positive and negative correlation, respectively) of the year prior to ring formation. Elevated temperature for October t-1 in the Churchill region has also been shown to be positively associated to radial growth in P. glauca (Jacoby and Ulan 1982; Girardin et al. 2005) as well as in P. mariana and L. laricina (Girardin et al. 2005) . October is usually the time when snowfall begins in Churchill. It is speculated that warm October temperatures coupled with low snow accumulation in the autumn may delay the onset of ground snow cover and further extend the length of the growing season during ring formation. In the future, it would be desirable to produce longer chronologies with more site replication to further validate these correlations and extend them at the regional level. However, the likeness of both erect trees and D. integrifolia shrubs in response to climate reaffirms the validity of the climate signal in the D. integrifolia chronology and demonstrates that climate is a limiting factor of similar importance to different growth forms at the tree line in the subarctic region of Churchill. This response to climate is probably limited in scope and may not encompass higher latitude regions, where climate places different growth restrictions on the species. But given that spruce trees sampled from both western Alaska and the western shore of Hudson Bay have been shown to cross-date and respond similarly to summer temperature (Giddings 1954) , it is hypothesized that D. integrifolia shrubs along the tree line may also share a common climatic signal. This remains to be tested, however, and would require further dendrochronological studies of this species elsewhere along the tree line.
Moreover, the results indicated that warmer than average minimum May t temperatures during the year of ring formation had a negative association with radial growth. Girardin et al. (2005) have also observed this relationship for P. mariana and L. laricina, which they associated with an early snowmelt at a time when the ground has not yet thawed. This may later reduce the infiltration of water into the substrate by increasing evaporation and (or) runoff (Corbet 1972; Scott et al. 1993) . At Victoria Island, Northwest Territories, Canada, Zalatan and Gajewski (2006) also suggested that spring snowmelt limited radial growth of the shrub, Salix alaxensis (Andersson) Cov., in xeric conditions by the amount of recharged soil moisture. Alternatively, a late snowmelt was reported to delay the onset of mat growth in D. integrifolia shrubs at one site and lower fruiting success as a result of the short growing season (Hart and Svoboda 1994) . This may be illustrated in our results by the negative trend between radial growth and June t snowfall. An exceptionally early or late snowmelt may therefore have negative consequences to the growth of these shrubs.
Conclusion
It was expected that knowledge of D. integrifolia growth rates could aid restoration ecologists to predict the duration required to revegetate a disturbed site. However, the tendency of D. integrifolia shrubs and other shrub species to exhibit inconsistent growth rates among sites strongly limit the use of shrub size as an indicator of age. We speculate that microsite condition (e.g., topography, substrate compaction) and recurrent disturances may be at the origin of these differences in size/age ratios, and this should be addressed in future work on the species. Sites with undisturbed conditions where shrubs were shown to be the oldest, albeit not cross-dated, also merit further study. It was found that the D. integrifolia shrubs near Churchill, Manitoba, which were cross-dated, displayed a radial growth -climate association similar to that of P. glauca, P. mariana, and L. laricina in the area. This finding further strengthens the fact that climate is recorded in the ring 1978-2004 (B and C) . Correlation coefficients with monthly snowfall and total precipitation (B), and monthly minimum and maximum temperatures (C) are indicated. Probability values are indicated by the letters (X: P < 0.01 and Y: P < 0.05). Missing climate data were not estimated, and correlation analyses were performed with n ranging from 22 to 27. widths of D. integrifolia shrubs and opens up potential for future work regarding whether the species would display a similar or different response to climate elsewhere along or beyond the tree line. Moreover, longer ring-width series and better site replication would be needed to strengthen our understanding of the radial growth -climate association of this species. The results of this study suggest that, like trees, endogenous (microsite) and exogenous (climatic) effects are also reflected in the growth of D. integrifolia shrubs in subarctic Manitoba.
